up ȁ80% of observed meteorite falls, but so far very few asteroid spectral analogs have been identified for these meLaboratory results from a simulation of possible optical effects of impact melting and repeated crystallization on asteroi-teorites.
ments. However, observations of Binzel et al. (1993) show which are necessary for specific redox reactions in the impact melt, as well as in the vapor, are poorly understood. that only one of 50 small main belt S-asteroids observed has a spectral resemblance with ordinary chondrites.
Experiments by Danielson and Jones (1995) show that the heating of olivine grains in H 2 or Ar atmosphere to It was also proposed that the spectral mismatch between S-type asteroids and OC meteorites results from some 1200-1500ЊC result in the reduction of ferrous iron and the formation of submicroscopic metallic iron (SMFe). The ''space weathering'' process which alters the optical properties of the uppermost regolith (Feierberg et al. 1982 , fact that the reduction of Fe was observed in Ar atmosphere indicates that the presence of H 2 is not necessary McFadden 1983 , Pieters 1984 . However, the spectral studies of shocked (black) OCs (Britt and Pieters 1990 , Keil for this reaction (Danielson and Jones 1995) . The impactinduced reduction of silicate iron, which can occur both in et al. 1992), gas-rich OCs Keil 1988, Britt and , melted OCs , and synthetic the impact melt and in the impact-generated vapor, appears to be an optically important effect. Keller and McKay metal-rich regoliths derived from OCs (Gaffey 1984) demonstrate that such altered OC materials darken, but do not (1992) have detected vapor deposited coatings on lunar soil particles. These coatings are enriched in Si and Fe, redden sufficiently to match the S-type spectral characteristics. much of the later being SMFe. Theoretical models calculated by Hapke (1993) demonstrate that SMFe distributed Nevertheless, plausible regolith processes remain which could explain the spectral reddening of S-asteroid surfaces. throughout the glass and also coating the crystalline grains can account for the optical properties of lunar soils. The Studies of lunar regolith fractions indicate that the red slopes of lunar soil spectra appear to result from the solar SMFe reduces the albedo and spectral constrast, reddening the spectrum. wind induced reduction of silicate iron , Starukhina et al. 1994 , Allen et al. 1993 . The impact-in-
The present study will further investigate the possible role of space weathering in the alteration of optical surfaces duced process of vaporization and recondensation causes both the reduction of silicate iron and some other chemical of atmosphereless bodies and particularly of possible Sasteroid material analogs. We attempt to evaluate the poseffects (Cassidy and Hapke 1975 , Yakovlev et al. 1992 , Keller and McKay 1992 , Dikov et al. 1994 . The laboratory sible optical effects of rapid melting and subsequent crystallization of surface materials, which may be caused by simulations of impact-induced vaporization and redeposition demonstrate that impact processes may result in vari-meteorite bombardment, for example, by micrometeoroid impacts. The goal of this work is not to evaluate the plausious reduction-oxidation reactions, for example, oxidation of Fe, Cr, Al, or reduction of Fe, Si, P, Al. Laboratory bility of the formation of impact melt on asteroid surfaces.
Rather, we try to estimate the possible optical effects of experiments show that the same elements can be reduced or oxidized depending on the experimental conditions impact melt formation and repeated crystallization, assuming these processes may produce optically important (temperature, pressure) and the composition of both impactor and target (Yakovlev et al. 1992 ). The conditions changes on asteroid surfaces. We did not try to simulate meteorite impacts by using comparable experimental con-holder was rotated at a velocity of two revolutions per minute during the experiment, and could be shifted relative ditions (to use comparable energies and temperatures or to the laser beam in the radial direction. The use of a to generate shock waves), nor do we claim that laser shots turbomolecular pump TMN-500 in the vacuum system alare good simulants of micrometeoroid bombardment. We lowed avoidance of the contamination of the samples by simulated only one of the possible aspects of impact prooil vapor. cesses-namely, quick (first seconds) melting and cooling As a result of laser treatment, some particles were fused of materials. Unlike the earlier work of Clark et al. (1992) and stuck together into ''glassy'' aggregates described bewho used a fusion furnace, we used laser irradiation to low. After the laser alteration the powders were repeatedly simulate rapid melting and cooling of the samples.
sieved. The coarser size fraction (Ͼ75 Ȑm) completely consisted of altered glassy aggregates. These fused and 2. EXPERIMENTAL PROCEDURE repeatedly crystallized materials are called ''altered samSeveral different materials were selected for this study: ples'' in the present paper. The finer separates include both ordinary chondrite Elenovka L5, carbonaceous chondrite unaltered particles and part of altered fused and crystalAllende CV3, terrestrial olivine, clinopyroxene, and oliv-lized aggregates, which do not exceed the size of 75 Ȑm. ine-clinopyroxene mixture 1 : 1. Microprobe analyses of These separates, containing both unaltered and altered olivine and orthopyroxene are presented in Table I . Sam-particles are called ''partly altered samples'' in this paper. ples were ground and sieved to a particle size Ͻ75 Ȑm The coarser altered samples were reground to a particle size of Ͻ75 Ȑm before spectral measurements. It should (''unaltered samples''). To evaluate possible spectral effects of quick melting and subsequent crystallization the be noted that altered aggregates still contain from 8 to 36% of unaltered clasts, which were unfused or stuck to powdered specimens were treated by laser irradiation under vacuum at 5 ϫ 10 Ϫ5 mm Hg using the Vernadsky Insti-the cooling melted particles (Table II) . Chemical compositions of various components of the tute laser facility LTI-501-01. A solid-state ND-YAG multiple-pulse laser with impulse frequency 30-40 KHz was samples were determined at the Moscow State University Camebax SX 50 microprobe facility operated at 15 KV used for the experiment. The wavelength of laser irradiation was 1.06 Ȑm and the diameter of the focused laser and 30 nA, and SEM (CamScan 4 DV) with the energy dispersive attachment Link AN-10000 operated at 15 KV beam was ȁ100 Ȑm. Pulse duration was 0.5-1 Ȑsec, and laser power was about 1.2 KW. The powdered samples and 1.2 nA.
After the laser experiment the reflectance spectra of were placed in a stainless steel holder. The thickness of the powder layer on the holder was 1 mm. The laser power the unaltered, partly altered, and altered samples were measured. Bidirectional reflectance spectra in the range was insufficient to penetrate such a thick layer of powder, so the holder was not caught up during the experiment 0.3-2.7 Ȑm at a viewing geometry i ϭ 30Њ, e ϭ 0Њ were recorded with the NASA RELAB bidirectional spectromand altered materials were not contaminated. The sample of pyroxene absorption bands in the spectra of altered ol,
px-bearing materials (see below).
d Vesicles are subtracted.
Straight line continuum removal has been performed in some cases to isolate specific absorption bands (band I, band II, and complex features between 4.5 and 7 Ȑm). Band centers were calculated by 2nd or 3rd order polynoeter at Brown University. All spectra were measured relative to halon, a near perfect diffuse reflector in the mial fitting to ȁ10 data points on either side of the visually determined center after dividing out the linear continuum. 0.3-2.7 Ȑm region (Weidner and Hsia 1981).
Spectra from 1.27 to 25 Ȑm were acquired with a Nicolet Spectral slopes for Elenovka samples were calculated from the fitted continuum across band I as the rise in reflectance 740 FTIR spectrometer (Brown University) using a biconical reflectance attachment. The spectra were measured divided by the change in wavelength (Clark and Roush 1984) . Band depths are defined as relative to a rough gold standard in an H 2 O and CO 2 purged environment. The infrared data were scaled to the spectra which were recorded with the RELAB bidirec-D ϭ (R c Ϫ R b )/R c , tional spectrometer under ambient conditions using halon as a standard. At present mid-infrared spectra are not where R c is reflectance of the continuum at the band center, useful for comparisons with telescopic data since no data R b is reflectance of the sample at the band center, and D on asteroids exist in that wavelength region. Therefore, is the band depth (Clark and Roush 1984) . The ratios of most of the mid-infrared data are not presented in this the areas of band II to band I have been calculated for paper except for the most important results for discus-Elenovka following the procedure outlined by Cloutis et al. sion purposes. (1986) . The modified Gaussian model analysis (Sunshine et The most abundant components of the materials used al. 1990) was applied to deconvolve VNIR (visual-nearin this study are olivines (ol) and/or pyroxenes (px). Be-infrared) reflectance spectra of the pure olivine series. sides the pure olivine samples and the olivine/pyroxene mixture, olivine is major constituent of Elenovka and Al-3. MINERALOGY AND PETROGRAPHY OF lende meteorites. Reflectance spectra of olivines exhibit a ALTERED MATERIALS complex absorption band near 1 Ȑm (band I) which is composed of three overlapping bands attributable to crysThe laser treatment resulted in the formation of glassy droplets approaching 500 Ȑm in diameter. Sometimes they tal field transitions in ferrous iron (Burns 1970a) .
Pyroxenes considered in this paper are of two types. Altered materials were studied using backscattered elecAltered droplets and aggregates of droplets were first tron (BSE) imaging and microprobe analyses. The average examined under a binocular microscope with small magnimicroprobe analyses of various constituents of altered samfication. Pure cpx altered droplets consist of transparent ples are presented in Table I . Their modal analyses calcugrayish-green homogeneous glass with darker areas of inlated using BSE images are shown in Table II . cipient crystallization. Pure olivine altered aggregates are characterized by uneven distribution of coloration and Clinopyroxene. Complete fusion appears to be attransparency. They exhibit areas ranging from transparent tained, although altered droplets contain about 3% (by greenish-gray to ''dusty'' dark gray, almost black. Dark area) of unaltered grains stuck to their surfaces. The glass is largely homogeneous in appearance and composition, dusty areas show the presence of very fine-grained opaques dispersed in a translucent matrix. Ol/cpx and Elenovka but contains areas of incipient crystallization of zoned cpx which is more rich in MgO than unfused cpx and glass altered samples are dark gray, and their thin areas (tens of micrometers) are translucent. The altered ol/cpx mixture derived from cpx (Table I ). This Mg-rich cpx has thin (ȁ1 Ȑm) Fe-rich outer zones. The glass is slightly enriched Mg-rich ol crystals (R on Fig. 2 ) is very rich in Fe and in Al 2 O 3 , MgO, and FeO, and depleted in CaO and SiO 2 enriched in SiO 2 , Al 2 O 3 , and CaO relative to unfused relative to unaltered clinopyroxene. olivine and bulk melt ( Table I) . The mesostasis has pyroxene composition with admixture of Fe-rich phases (iron Olivine. Laser heating was too quick to attain complete oxides or reduced iron?). The irregular inclusions (up to fusion of pure olivine powder. Altered aggregates contain 2 Ȑm) look bright (Fe-rich) on BSE images. Use of an 36% of unfused angular clasts (usually 5-15 Ȑm in length), optical microscope with high magnification (ϫ100) allows whose composition is identical to that of unaltered ol.
viewing of the irregular opaque inclusions which are comThese unfused fragments (F on Fig. 2 ) are embedded in posed of two phases with different brightness. A brighter the melt which contains quench crystals as expected. The guest phase (0.5 Ȑm) is finely dispersed in the darker irregbulk chemistry of fused areas shows slight enrichments in ular host inclusions, but both Fe-phases are brighter than CaO, Al 2 O 3 , and SiO 2 relative to starting material (Table  surrounding silicate phases. In addition, small (submicro-I). The crystallization of the melt resulted in the formation meter) very bright single spherical opaque droplets (reof unequilibrated Mg-rich (Fa ϭ 4.5 mole%) olivine crysduced iron?) were found on the surfaces of polished sectals with very thin (0.5-1 Ȑm) Fe-rich outer zones. The tions of altered olivine, but such droplets are much more lengths of crystals range from 3 to 100 Ȑm. Unfused clasts scarce than the opaques in the mesostasis (for example, are rimmed by quench crystallized Mg-rich olivine. The mesostasis (M on Fig. 2 ) between repeatedly crystallized only 2 such particles were found on a surface of 0.3 mm Unfortunately, the sizes of all opaque Fe-phases are insuf-tallized phases of the melt. Interstitial glass looks homogeneous on BSE images, and is close to pure cpx in composificient for microprobe identification of these Fe-rich opaque phases, and we could not estimate whether our tion, but is enriched in FeO due to accumulation of FeO in the residual melt during crystallization of Fe-poor olivines experimental conditions were reducing or not.
Examination of altered olivine aggregates in transmitted upon cooling. This relatively high FeO content in the glass appears to be responsible for the darkening of the altered light shows that opaque phases are unevenly distributed and appear as black dust finely dispersed in the mesostasis sample (see below). Thus, cpx constituents of the mixture were completely fused and did not crystallize upon cooling, (M on Fig. 2 ) between transparent unfused olivine clasts and quench crystals of olivine.
while olivines were fused incompletely and quickly crystallized upon cooling. This last observation is very important Olivine/clinopyroxene mixture (1 : 1). The altered samin understanding the spectral properties of the altered ple is composed of a small amount of unfused angular ol/cpx mixture. olivine clasts (usually 10-15 Ȑm; F on Fig. 3) cemented by melt. Note that cpx grains are absent among clasts. The
Elenovka. The texture of altered samples is similar to that of the ol/cpx mixture (Fig. 1) . However, both olivines ''melt'' is partly crystallized and shows intersertal texture with areas of barred texture (Fig. 3) . Skeletal acicular and pyroxenes are present among unfused fragments (F on Fig. 1 ). The sizes of clasts are usually 15-20 Ȑm. Their (ȁ5 ϫ 100 Ȑm) Mg-rich crystals (Fa ϭ 4.5 mole%; R on (Table I ) are identical to those of unaltered Elenovka olivines and orthopyroxenes. Unlike 3). No clinopyroxenes were found among the quench crys-the ol/cpx mixture, the altered Elenovka sample contains similar to those found in altered Elenovka. They also tend to occur near the boundaries of the glassy drops, but their metal/troilite beads (up to 200 Ȑm in diameter), indicative metal shows enrichment in Ni (ȁ30% Ni) relative to Elenof the immiscibility of silicate and metal/sulfide melts. (The ovka (6-8% Ni). beads (B on Fig. 1 ) tend to occur close to the boundaries Thus, except for the pure cpx sample, only partial meltof glassy droplets. The melt shows intersertal and barred ing has been attained as a result of laser treatment. With textures similar to those of the ol/cpx mixture. Skeletal the exception of pure cpx, all altered materials are characacicular olivine crystals (ȁ5 ϫ 100 Ȑm) are rich in Mg(Fa ϭ terized by some common features. They contain variable 11 mole%) with very thin (0.5-1 Ȑm) Fe-rich outer zones.
amounts of unfused angular clasts embedded in the melt These crystals (R on Fig. 1 ) are cemented by an Fe-rich of intersertal texture with areas of barred texture. This melt (25% FeO) glassy mesostasis (M on Fig. 1 ) which looks contains at least 55% quench crystallized olivine. These more heterogeneous on BSE images than does the ol/cpx acicular unequilibrated Mg-rich olivine crystals have very mixture. Besides the high FeO content, the mesostasis is thin (0.5-1 Ȑm) Fe-rich outer zones. Unfused clasts are enriched in Al 2 O 3 , TiO 2 , SiO 2 , and CaO (Table I) . The surrounded by Mg-rich olivine rims. The Mg-rich olivines absence of pyroxenes among repeatedly crystallized grains, are cemented by an Fe-rich glassy mesostasis. The darkenand the chemical composition of the mesostasis both indiing of fused and quench crystallized samples relative to cate that pyroxene portions of Elenovka silicate melt tend the starting materials is not difficult to explain. The cooling to accumulate in the Fe-rich residual melt, while the olivine rate of the melt was not high enough to prevent crystallizafraction crystallized upon cooling. The cooling rate was tion of high-temperature Mg-rich olivines. The crystallizahigh enough not to allow pyroxenes to crystallize. Very tion of Mg-rich olivines resulted in the enrichment of residsmall (0.1-0.3 Ȑm) Fe-rich opaque inclusions are finely ual melt in FeO. However, the cooling rate was high dispersed in the glassy mesostasis. Some of them appear enough to prevent the crystallization of these Fe-rich silito be composed of troilite, since the bulk chemistry of cate melts, resulting in the formation of largely amorphous the mesostasis shows increased sulfur content (Table I) .
glassy mesostasis between Mg-rich olivine crystals. Fe-rich Sometimes the size of opaques in the glass approaches glasses are known to effectively absorb light (e.g., Adams 1 Ȑm, but such a size is still insufficient for microprobe and McCord 1970 , Nash and Conel 1973 , Bell et al. 1976 ). analysis.
Moreover, opaque minerals are finely dispersed in the Allende. The texture of altered Allende droplets is sim-glassy groundmass of the altered Elenovka, Allende, and ilar to that of altered Elenovka. However, pyroxene un-olivine samples. We could not identify these opaque phases fused clasts were not found. Olivine unfused clasts (Fa ϭ in the mesostasis because of their extremely small grain 2-21 mole%; dominant lengths 20-40 Ȑm) are embedded sizes. The presence of even small amounts of such highly in the crystallized melt with intersertal, sometimes barred, absorbing materials in optically important areas such as texture. Skeletal acicular olivine crystals (Fa ϭ 18 mole%) grain boundaries causes considerable darkening of altered have thin (0.5 Ȑm) outer zones more rich in FeO and crystal samples relative to the starting materials. On the other sizes are smaller (usually 10-30 Ȑm) than those of Elen-hand, the successfully vitrified pure cpx sample did not ovka and the ol/cpx mixture. Besides intersertal textures, darken. some areas exhibit microporphiritic textures. Tabular
The effects of temperature, oxygen fugacity fusion time, zoned ol phenocrysts (ȁ5 Ȑm) are cemented by a glassy and techniques on glass formation are discussed elsewhere mesostasis. These textures tend to occur in the central (e.g. Nash and Conel 1973, Bell et al. 1976 , Cloutis and areas of drops. The textures of these areas indicate that Gaffey 1993). Nash and Conel (1973) showed that quickthe crystallization of their parent melt was slower than that melt (on the order of seconds) glass displays more resolvof the areas with intersertal texture. Irrespective of type able absorption bands and higher overall reflectance than of texture, zoned olivine crystals are embedded in an Fe-slow-melt (on the order of minutes) glass. We suggest that rich (36-42% FeO) glassy mesostasis enriched in Al 2 O 3 , this is the result of incomplete fusion of quick-melt mateCaO, and depleted in SiO 2 relative to bulk melt composi-rials. tion (Table I ). Similar to the Elenovka mesostasis, Allende groundmass often shows some chemical heterogeneity on
REFLECTANCE SPECTRA OF UNALTERED AND BSE images and contains numerous finely dispersed Fe-

ALTERED MATERIALS rich inclusions (tenths of micrometers in size)
. Sometimes they approach 1 Ȑm, and some of them are brighter than Shown in Figs. 4-6 are bidirectional reflectance spectra others on BSE images (probably, Fe, Ni-metal and sul-of Elenovka, Allende, terrestrial olivine (ol), clinopyrofides). The increased sulfur content of mesostasis shows xene (cpx), and an ol/cpx mixture 1 : 1 before and after laser that sulfides are probably present.
treatment. The values of spectral parameters measured in this study are tabulated in Table III . Allende altered samples also contain metal/sulfide beads enes in Elenovka does not exceed 5% (McSween et al. 1991) and should not affect the positions of band I and II (Cloutis and Gaffey 1991) . So, the meteorite Elenovka may be roughly described as a two-component mixture of olivine Fa 25-26 (mole%) and orthopyroxene Fs [19] [20] [21] [22] [23] (mole%) (Baryshnikova and Lavrukhina 1979) . For such mixtures, the band I wavelength position is a function of relative abundance and composition of olivine and orthopyroxene phases. Band I is known to move toward longer wavelength with increasing olivine abundance as well as increasing ferrous iron content of the ol/opx mixtures (Cloutis et al. 1986) .
A lesser shift to longer wavelength with increasing alteration degree is observed for band II (Table III) , but this can be attributed to distortion of band shape from sloping spectral background, and not necessarily from changes in mineralogy. Band II position is sensitive to Fs content of orthopyroxene (Adams 1974). According to the calibration of Adams (1974) later corrected by Gaffey (1984) , the Fs content of unaltered orthopyroxene of the Elenovka meteorite is 36 wt% (Table III) . This value agrees with the chemically measured Fs content of Elenovka orthopyroxene-37 wt% (Baryshnikova et al. 1985) . This agreement The most obvious spectral changes are a drop in overall reflectance (darkening) and a reduction in spectral contrast with increasing alteration degree (Table III and Figs. 4-6). Such optical effects have been observed earlier for shocked OCs (e.g., Britt and Pieters 1990), gas-rich OCs (e.g., Britt and Pieters 1991), and fused OCs . Other interesting effects are listed below.
The continuum slope of meteorite samples reddens noticeably with increasing alteration degree. For example, the 2.5/0.56 Ȑm reflectance ratio rises from 1.04 for the unaltered Elenovka sample to 1.49 for altered Elenovka. The 2.5/0.56 Ȑm ratio range for Allende samples is 1.16-1.49. Similarly, the 2.5/1.8 Ȑm reflectance ratio for the olivine series increases from 1.007 (unaltered) up to 1.086 (altered).
Alteration caused by laser shots results in the shifts in the wavelength positions of band I and band II centers (Table III) tered) for Elenovka. The content of high calcium pyrox-An additional broad shallow absorption feature centered near 1.9 Ȑm appears in the spectrum of the altered Allende sample (Fig. 5) . A similar broad absorption is present in the spectra of altered pure olivine and altered ol/cpx mixture. In the spectrum of the altered ol/cpx sample this feature seems to overlap the OH Ϫ absorption band situated near 1.9 Ȑm. The appearance of an additional broad absorption near 1.9 Ȑm is probably associated with the formation of Fe-bearing glass as the result of laser treatment (Bell et al. 1976) . A similar broad shallow band was also observed in the spectrum of fused carbonaceous chondrite Murchison (CM2) published by Clark et al. (1993) .
The modified Gaussian model (MGM) has been employed to deconvolve VNIR reflectance spectra of the pure olivine series, following the procedure outlined by Sunshine et al. (1990) . The spectra of unaltered and partly altered samples were fit successfully using this method (Fig.  7) . The results indicate that the increase in the continuum slope is sufficient to fit the special curve of partly altered olivine. However, an additional component, probably Fe ϩ2 -bearing glass (Bell et al. 1976, Cloutis and , is indicated by deconvolution of the spectrum of the more altered sample, as represented by two broad shallow bands centered near ȁ1 and 1.9 Ȑm (see Fig. 6c ).
Not only absorption bands change in wavelength position due to laser impulse alteration; other spectral parameters such as reflectance peaks also change. An increase in the wavelength position of the local reflectance maximum between band I and band II (interband peak) is observed for Elenovka samples after laser treatment (Table III) . Similarly, the local reflectance maximum in the 0.5-0.8 Ȑm spectral region (0.7 Ȑm peak) moves to longer wavelengths with increasing alteration in the Elenovka and pure olivine samples (Table III) .
The 2 Ȑm/1 Ȑm (BII/BI) area ratio for the Elenovka series decreases as a result of alteration. The BII/BI area ratio is primarily a function of relative abundance of olivine and orthopyroxene phases (Cloutis et al. 1986 ). The BII/ spectrally derived ol/px ratio increases from 2.8 for the unaltered Elenovka sample to 5.4 for the altered one. A similar trend is observed for the olivine-clinopyroxene indicates that the presence of small amounts of high calmixture. The clinopyroxene absorption feature (band II) cium pyroxenes in Elenovka does not affect the band II ponear 2.3 Ȑm disappears in the spectrum of the altered ol/ sition. cpx sample. Similarly, the reflectance spectra of pure olivine exhibit
The majority of measured mid-infrared spectra are not a slight migration of band I center from 1.055 to 1.072 Ȑm discussed in this paper, but some of them are important as a result of alteration (Table III) . The 1 Ȑm absorption for the understanding of our main results. band of olivine is known to move to longer wavelength All mid-IR spectra of meteorites and minerals discussed with increasing iron content (Burns 1970a) .
here have spectral features associated with volume scatterThe less prominent 1 Ȑm olivine absorption feature in ing in the 4.5 to 7 Ȑm region. These features appear to be the spectrum of Allende also appears to shift to slightly overtones of the fundamental molecular vibration bands, longer wavelength after laser treatment (from 1.06 to 1.08 Ȑm).
or the combination tones of the fundamentals with lattice modes at longer wavelength (Salisbury 1993 ). Minerals
DISCUSSION AND CONCLUSIONS such as olivine and pyroxene display quite strong and dis-
The data indicate that the majority of spectral parametinctive features in this spectral range. Pure olivine samples ters which appear to be diagnostic of composition and have a series of absorptions between 4.95 and 6.25 Ȑm with abundance variations are affected by quick melting and the most prominent located at 5.63 and 6.01 Ȑm (Fig. 8(5) ).
quench crystallization. The shapes of pure clinopyroxene absorption features (Fig. On one hand, the variations of the spectral parameters 8(4)) are typical of pyroxenes and can be easily distinmentioned above serve as indicators of the changes in mafic guished from those of olivines. The most intense absorpmineral compositions and relative mineral abundances. On tions occur at 5.08 and 6.11 Ȑm.
the other hand, the addition of glass to mafic mineral asThe spectral behavior of the ol/cpx mixture is very intersemblages can affect all of the important spectral parameesting in the spectral region 3-25 Ȑm. The spectra of unalters. This is evident from the data of Cloutis and Gaffey tered and partly altered samples display a series of overlap-(1993), who found that the addition of glass to a mafic ping olivine and clinopyroxene absorption bands, with silicate-bearing mixture results in a reduction in overall pyroxene absorptions being more prominent as two reflectance, band depths, and band area ratios, a general troughs at ȁ5 and ȁ6 Ȑm (Figs. 8(1) and 8(2) ). However, decrease in band II wavelength position, and an increase in clinopyroxene absorption bands practically disappear in interband peak position. An increase in overall continuum the spectrum of the most altered sample, and the shape slope was also observed as the result of increasing glass of the resulting features becomes very similar to that of content. Cloutis and Gaffey's (1993) mixture GF9 conpure olivine (Fig. 8(3) ). Thus, an apparent disappearance of clinopyroxene is observed as a result of laser alteration. taining olivine, orthopyroxene, and smaller amounts of altered materials. This results in the displacement of band I to longer wavelength, the increase in BII/BI ratio, and, consequently, in the increase in spectrally derived ratios of olivine to pyroxene.
Interestingly, the melted and quench crystallized ordinary chondrite samples prepared by Clark et al. (1992) do not show such effects. We suggest that their samples cooled more slowly because of the larger sizes of their fused specimens. We have also compared our results with the petrographic work of Zinovieva et al. (1994) , who studied a more slowly fused and cooled sample of Tsarev (L5) OC. Their results show that such slower melting and cooling caused crystallization of both olivines and pyroxenes, while in our Elenovka and ol/cpx samples only olivines were quench crystallized. Moreover, our altered ol/cpx samples demonstrate that the fusion of pyroxene grains was also more effective than fusion of olivines. No pyroxene clasts were found among unfused fragments of altered ol/cpx mixture. Thus, very quick cooling (on the order of a few seconds) appears to be needed to obtain results similar to ours. plagioclase and ilmenite could be considered as a spectral analog of the Elenovka meteorite. However, the addition of glass to that mixture decreases the wavelength positions of band II and the interband peak, while the laser treatment of Elenovka results in the opposite effects (Table III) .
We think that knowledge of the cooling rate is critical to understanding the unusual spectral properties of altered samples which contain both olivines and pyroxenes. The petrographic and chemical analyses of altered materials in Section 3 demonstrate that quick melting and cooling of ol,px-bearing melts result in the crystallization of olivines, (1), (2), (3); and in the glassy mesostasis. This mesostasis appears to be 40% between (4) and (1), (3) an (5)).
(1) Unaltered ol/cpx sample; (2) largely amorphous, resulting in the disappearance of py-partly altered ol/cpx sample; (3) altered ol/cpx sample; (4) unaltered cpx sample; (5) altered ol sample.
roxene absorption features in the spectra of ol,px-bearing pretation of S-asteroid spectra is illustrated in Fig. 9 . Shown in Fig. 9 are the band I centers plotted relative to BII/ BI area ratios for seven spectral subtypes of S-asteroids compared to the same parameters of ordinary chondrites, achondrites (adapted from Gaffey et al. 1993a) , and the Elenovka series. Gaffey et al. (1993a) have demonstrated that only asteroids assigned to the subtype S(IV) are characterized by silicate spectral properties comparable to those of ordinary chondrites. The points for Elenovka OC on the plot shows a shift from the ''chondritic'' field (unaltered sample) to the field of olivine-rich S(II)-asteroids (altered sample). Laser impulse alteration raises the spectrally derived ol/opx ratio up to 5.4. This value is far outside the OC range (ȁ0.6-3.5 according to McSween et al. 1991) , but falls within the ol/opx range for S-type asteroids (usu -FIG. 9 . Plot of the band I center versus the band II/band I area ratio ally 1.5-6.0 according to Gaffey et al. 1990 ).
for Elenovka series relative to the S-asteroid subtypes and three types
The normalized spectra of the Elenovka series are shown of meteorite assemblages (from . The OL rectangular in Fig. 10 (Cloutis et al. 1986 ).
spectral slope as well as the band I and band II positions, BII/BI ratio, and band I depth of 68 Leto (Table I) are comparable to those of the altered Elenovka sample (curve The reasons for the darkening of our altered materials 3 on Fig. 10 ). were discussed in Section 3. We think that the accumula-
The relation between albedo, spectral slope, and band tion of FeO in the interstitial residual melt due to crystalli-I depth are illustrated in Fig. 11 for 39 S-type asteroids zation of Mg-rich olivine crystals and finely dispersed (from Fanale et al. 1992 ) and for the Elenovka series. The opaques are responsible for this process.
points for unaltered Elenovka are outside the field of SThe red slopes of our altered samples may be due to type asteroids. Fanale et al. (1992) showed that the same the presence of Fe-bearing glasses (Adams and McCord situation is typical for other OCs. However, the altered 1970 , Nash and Conel 1973 , Bell et al. 1976 . We suggest Elenovka sample falls within the field of S-asteroids with that the less steep spectral slopes of fused OC samples respect to all three parameters. prepared by Clark et al. (1992) can be explained by the The results suggest that quick melting and quench crysfact that experimental conditions were different from ours tallization can enhance the spectral similarity between S-(fusion time, cooling rate, etc.). It is possible that their altered samples contain a lesser amount of amorphous material. It is possible that reduced iron is finely dispersed in the glassy mesostasis of our altered samples and results in their spectral reddening, but we cannot prove it. Troilite is also a spectrally red component and could cause spectral reddening of altered meteorite samples if it were finely dispersed in their interstitial glassy component.
The displacements of absorption features which were sometimes observed in the spectra of altered materials can be attributed to the overlapping absorption bands of various Fe-bearing silicates and glass (e.g., Farr et al. 1980) .
Implications for S-type Asteroids
One of the most important results of this work is the ''disappearance'' of pyroxene spectral features in the spec -FIG. 10 . Normalized reflectance spectra of S-asteroid 68 Leto (from tra of altered ol,px-bearing assemblages. This effect is re- , Zellner et al. 1985 ) and the series of Elenovka samples vealed both in the near-infrared and in the mid-infrared (particle size Ͻ75 Ȑm). The spectra have been scaled to 1.0 at 0.65 Ȑm.
(1) Unaltered sample; (2) partly altered sample; (3) altered sample; (68) Leto.
spectral regions. The significance of this effect for the inter-8 Flora and 15 Eunomia, have shown unusual spectral variations along their surfaces. Gaffey (1984) and Gaffey and Ostro (1987) have demonstrated that these two asteroids are characterized by a positive correlation between the band II positions and BII/BI area ratios, which is opposite to the negative correlation of the same parameters for various OC groups (McSween 1992) . The data for the Elenovka series obtained in this study are also inconsistent with the rotational variations on the surfaces of 8 Flora and 15 Eunomia. Nevertheless, more extensive data on glass-bearing mixtures of mafic minerals obtained by Cloutis and Gaffey (1993) show that the addition of glass to mafic mineral assemblages is usually accompanied by simultaneous decrease in band area ratio and band II wavelength position. Thus the observed spectral variations along the surfaces of Flora and Eunomia can possibly be explained by spatial variations of impact glass abundance.
It is generally accepted that the formation of glass on asteroidal surfaces should be largely inhibited (Hö rz and Schaal 1981, McKay et al. 1989) . However, the possibility of such a process has not been disproven and should be taken into consideration.
Galileo SSI color data between 0.4 and 1.1 Ȑm (Belton et al. 1994) show the probable evidence of optical alteration due to space weathering on the surface of the S-type asteroid 243 Ida. On Ida, a distinct regional inhomogeneity was noted by the Galileo Imaging Team (Helfenstein et al. 1994) . Small but significant color variations are correlated with albedo: brighter areas have deeper 1-Ȑm absorption and ''bluer'' colors than darker areas. Such a correlation is generally consistent with a slight degree of optical alteration in a regolith which is less mature on steep slopes and in fresher craters.
The data discussed in the present paper probably do not allow for all of the diversity of S-asteroids to be explained. In addition, it is difficult to account for the recently discovered relationship between the spectral slopes of S-asteroids and their diameters in terms of the space weathering hypothesis (Gaffey et al. 1993b) .
Nevertheless, the data obtained in this study increase the number of possible candidates of OC parent bodies among the main belt population of S-type asteroids. Thus, a regolith processed OC-like material may be present on the surfaces of S-asteroids, if we assume that these surfaces   FIG. 11 . The plots of the spectral parameters (slope, band I depth, contain melted and quench crystallized impact products albedo) for 39 asteroids (from Fanale et al. 1992 ) and the Elenovka series. The fields of S-asteroids on the plots are outlined by the dashed lines. such as those produced by these experiments.
Implications for Low-Albedo Asteroids type asteroids and ordinary chondrites in terms of spectral slope, albedo, band depths, and spectrally derived ol/ The low-albedo asteroids (C, B, G, F, P, D, T-types) appear to be enriched in opaque materials. Unlike S-types, opx ratio.
However, there are other spectral properties of some S-their spectral reflectance curves are relatively featureless. Such optical characteristics make it difficult to establish asteroids, that are known to contradict the space weathering hypothesis of the OC origin. Two large S-type objects, reliable genetic links between specific meteorites and low-parameters as slopes and albedos are not very conclusive, since they may depend not only on composition, but also on physical parameters, such as particle (or grain) sizes. For example, the grinding of carbonaceous chondrites increases their albedos, band depths, and spectral slopes Fanale 1973, Moroz and . C, B, F, and G-type low-albedo asteroids are known to have systematically bluer slopes and weaker UV absorption bands than carbonaceous chondrites , Hiroi et al. 1993b) . The data on altered Allende demonstrate that optical alteration due to impact melting and subsequent crystallization is not a likely mechanism to explain the spectral mismatch between dark asteroids and carbonaceous meteorites, since the spectrum of the altered Allende sample is too red-sloped. Hiroi et al. (1993b) showed that thermal metamorphism of low-albedo asteroids may account for the spectral differences between these objects and carbonaceous chondrites.
Thus, the results obtained in this study show that regolith processes such as impact melting and quench crystallization roxene spectral signatures may partly or completely ''disappear'' in the spectra of olivine, pyroxene-bearing assemblages due to impact melting and subsequent crystallization of olivine. This process might result in increased albedo asteroids. Moreover, the possible effects of space weathering on the surfaces of dark asteroids are not spectrally derived olivine/pyroxene ratios. The data obtained in this study demonstrate that the reflectance spectra well understood.
Carbonaceous chondrites are traditional meteorite ana-of atmosphereless bodies should be interpreted with great caution, especially when impact glass formation and/or logs of dark asteroids, though black ordinary chondrites spectrally resemble some C-class objects (Britt and Pieters quench crystallization is anticipated. 1987). The impulse laser alteration of carbonaceous chondrite Allende (CV3) results in the marked reddening of
